In recent years, it has become apparent that salicylic acid (SA) plays an important role in plant defense responses to pathogen attack. Previous studies have suggested that one of SA's mechanisms of action is the inhibition, of catalase, resulting in elevated levels of H202, which activate defense-related genes. Here we demonstrate that SA also inhibits ascorbate peroxidase (APX), the other key enzyme for scavenging H202. The tance, 2,6-dichloroisonicotinic acid (INA), also blocked catalase activity in vitro and in vivo, as did SA. Taken together, these results suggest that one mechanism of action of SA is to bind to and inhibit catalase, thereby elevating H202 levels. The increased H202 or other reactive oxygen species (ROS) derived from it then may activate plant defense-related genes such as PR-1 (6). This mode of activation of plant defenses has striking parallels to induction of genes associated with vertebrate immune, inflammatory, and acute-phase responses mediated through H202 (redox) activation of the transcription factor NF-KB (9-11).
effective inhibitor of APX. In the presence of 750 ,lM ascorbic acid (AsA), substrate-dependent IC50 values of 78 ,IM and 95 ,uM were obtained for SA and INA, respectively. Furthermore, the ability of SA analogues to block APX activity correlated with their ability to induce defense-related genes in tobacco and enhance resistance to tobacco mosaic virus. Inhibition of APX by SA appears to be reversible, thus differing from the time-dependent, irreversible inactivation by suicide substrates such as p-aminophenol. In contrast to APX, the guaiacol-utilizing peroxidases, which participate in the synthesis and crosslinking of cell wall components as part of the defense response, are not inhibited by SA or INA. The inhibition of both catalase and APX, but not guaiacol peroxidases, supports the hypothesis that SA-induced defense responses are mediated, in part, through elevated H202 levels or coupled perturbations of the cellular redox state.
tance, 2,6-dichloroisonicotinic acid (INA), also blocked catalase activity in vitro and in vivo, as did SA. Taken together, these results suggest that one mechanism of action of SA is to bind to and inhibit catalase, thereby elevating H202 levels. The increased H202 or other reactive oxygen species (ROS) derived from it then may activate plant defense-related genes such as PR-1 (6) . This mode of activation of plant defenses has striking parallels to induction of genes associated with vertebrate immune, inflammatory, and acute-phase responses mediated through H202 (redox) activation of the transcription factor NF-KB (9) (10) (11) .
In plants, H202 is continuously produced as a by-product of photorespiration, fatty acid 13- To gain insight into the mechanism of SA and INA inhibition of APX, their kinetics of inhibition was compared to that of the well-characterized APX inhibitor p-aminophenol. p-Aminophenol serves as a suicide substrate or mechanism-based inhibitor of APX (20) . The reaction intermediate of paminophenol is a free radical that irreversibly impairs the catalytic center of the enzyme. As anticipated from its mechanism of inhibition, 200 uM p-aminophenol inactivated APX activity in tobacco leaf extracts in a time-dependent manner as indicated by its nonlinear substrate (AsA) consumption (Fig.  1 ). The rate of inactivation was similar to that described for APX II from tea leaves (20 (6, 8, 21) . To assess the functional relevance of SA's inhibition of APX, several analogues of SA were compared for their biological activity (7, (22) (23) (24) (25) and their ability to inhibit APX activity ( shows a low rate of oxidation of guaiacol and pyrogallol (17, 26, 27) . Similarly, guaiacol peroxidases such as HRP can also use AsA as e-donor but with low efficiency compared with guaiacol (27, 28) . Given this partially overlapping specificity for various e-donors, the striking difference in inhibition by SA (or INA) between APX and guaiacol peroxidases was surprising.
To gain insight into this unexpected difference between APX and guaiacol peroxidases, formation of the enzyme intermediates in the peroxidase reaction cycle were analyzed spectrometrically. These experiments should clarify whether there is no spectrum-perturbing interaction between SA and guaiacol peroxidases or whether any SA-induced effect is suppressed in the presence of alternative e-donors such as guaiacol. All peroxidases have a similar mechanism of catalysis, as shown by Fig. 3 . Basically, the native ferric enzyme first undergoes a 2e-equivalent oxidation by the peroxide molecule (such as H202) to form the enzyme intermediate compound I. Compound I next accepts a le-equivalent from an e-donor (e.g., guaiacol or AsA) to form the second intermediate compound II. Compound II then accepts a second leequivalent from the same or another e-donor to return to the native enzyme state. The various intermediates of peroxidase can be readily distinguished by their characteristic spectra in the Soret region (29, 30) . Purified HRP was analyzed as a prototypic guaiacol peroxidase that is insensitive to SA ( Table 1 ). The ferric enzyme has an absorbance maximum at 403 nm (Fig. 4A, trace 1) , which upon addition of H202 and SA was converted over 15 min (traces 2-5) to a form with an absorbance spectrum identical to that of compound II (418 nm; ref. 30) . Incubation for up to 1 hr did not result in any further change of the spectrum (not shown). The decreased absorbance shortly after addition of H202 and SA (4 min; trace 2) indicates the presence of the intermediate compound I (absorbance maximum at 410 nm) that precedes compound II formation (30) .
To verify that the SA-induced spectrum resulted from the formation of compound II, hydroquinone was added to the sample. Since hydroquinone can serve as e-donor for compound II (30) , the resulting spectrum (Fig. 4, trace 6 ) should be very similar to that seen in the absence of SA (Fig. 4, trace  1) . Indeed, the similarity of the two spectra confirm that SA induced the accumulation of compound II. Since the reaction products of guaiacol and pyrogallol (tetraguaiacol and purpurogallin) partially interfere with the spectral analysis in the Soret region, only low amounts (2.5 ,uM) of these e-donors could be used. This resulted in a small shift in the absorbance spectrum as expected (data not shown). 
DISCUSSION
The discovery that the putative SA receptor from tobacco is a catalase that can be inhibited by SA both in vitro and in vivo suggests that SA's mechanism of action is to elevate ROS levels by blocking the ability of catalase to degrade H202 (6). Catalase is a heme-containing enzyme and is the basis of one of the key mechanisms by which aerobic organisms cope with endogenously generated H202. In addition to degrading H202 via the catalytic reaction, catalase can utilize H202 for the peroxidatic oxidation of various organic substrates (see Fig. 3 ). The latter reaction mechanism is virtually identical with that of heme (protoporphyrin IX)-containing peroxidases (Fig. 3) . Indeed, catalase as well as guaiacol peroxidases (e.g., HRP) and APX share a common spectrum of e-donors. Each of these enzymes can utilize phenolic compounds such as pyrogallol, guaiacol, and AsA as e-donors, though there are strong substrate preferences (12, 19, 27) . Although SA's precise mechanism of inhibition of catalase has not yet been deciphered, preliminary results suggest that it promotes the peroxidative reaction of catalase. Therefore, we examined the effect of SA on guaiacol peroxidases and APX from tobacco.
Inhibition ofAPX. There are several types of APX in plants. Two isoforms are found in chloroplasts, either in the stroma or bound to thylakoid membranes, while another isozyme is located in the cytosol (12) . No effort was made to separate these different isozymes. However, at high concentrations (2500 ,uM), both SA and INA showed almost complete inhibition of APX activity. Since the homogenization procedure used should have extracted at least the soluble isozymes, we suspect that the two major isozymes (stromal and cytosolic) are both sensitive to SA and INA.
The IC50 values obtained for SA (78 ,uM) and INA (95 , M) in the presence of 750 ,uM AsA indicate a moderately high affinity of APX for these inhibitors. With 1.5 mM AsA, the addition of 100 ,uM SA or INA resulted in 52% and 49% inhibition, respectively (data not shown). These results indicate the potential for substantial inhibition at the physiological levels of SA detected in infected tobacco leaves (7-56 ,uLM; refs. [32] [33] [34] , even in the presence of high AsA concentrations reported for chloroplasts (35) . In contrast, the levels of SA in uninfected leaves of infected plants are considerably lower and may not be sufficient to effectively inhibit APX or catalase. Nonetheless, peroxidases and catalases may play a role in SA-mediated, systemic induction of PR genes. Even at relatively low concentrations, SA and INA induce lipid peroxidation and formation of lipid peroxides (Z. Chen and D.F.K., unpublished results). These lipid peroxides can activate PR genes and are likely formed via a SA (INA) free radical. This radical is generated when SA donates an e-to catalase or peroxidase during the peroxidative cycle of these enzymes (see Fig. 3 ). A similar mechanism has been suggested for the bioactivation of phenytoin by thyroid peroxidase or HRP (36) .
Concerted Action of SA on APX and Catalase. Plants possess several powerful antioxidant systems to scavenge ROS. The reactivities of the major ROS differ vastly. Highly reactive species such as singlet oxygen or hydroxyl radicals (HO ) react at the site of generation. In contrast, H202 is relatively stable and readily permeates membranes, allowing for the interaction between different scavenging systems, even those located in separate organelles. For example, while chloroplasts, which eliminate H202 via the ascorbate-glutathione (HalliwellAsada) cycle, may have excess capacity to cope with all of the H202 produced by the cell (37), peroxisomes (sites of catalase) may function as scavengers for H202 produced by other subcellular compartments (13) .
The simultaneous inhibition of APX and catalase by SA may have two functions. First, blocking the two major H202-degrading pathways in the plant cell will lead to increased levels of endogenous H202. It is probable that the elevated endogenous H202 activates PR genes, since treatment of plants with prooxidants activated PR-1 genes, while antioxidants suppressed SA-or UV-induced PR-1 gene expression (refs. 6 and 38; Z. Chen, U. Conrath, and D.F.K., unpublished results). H202 induction of PR genes is likely to be concentration dependent, as previously demonstrated in soybean for genes associated with protection against the early oxidative burst(s) induced by infection with avirulent strains of Pseudomonas syringae (39) and in maize for genes associated with chilling tolerance (40) . The effective concentration range in which H202 can function as an inducer without acting as a cytotoxic compound remains to be determined. Exogenous applied H202 is rather ineffective at inducing PR-1 genes in tobacco (6) . However, in the presence of functional antioxidative enzymes like APX and catalase, H202 added to chloroplasts or plant cells is rapidly degraded, even when applied in the millimolar range (13, 37, 39 (6) or to maize (40) , where it induced PR-1 genes or genes associated with chilling tolerance, respectively. Although the H202 levels differ substantially [0.15 ,umol of H202 per g (fresh weight) of untreated tobacco versus 1.5 ,umol for maize], these data indicate that a moderate increase of H202 is sufficient to induce defense or stress-related genes. This predicted rise in H202 resulting from inhibition of APX and catalase would occur much later than the oxidative burst(s) that takes place within a few hours after infection, since increases in SA are not detected until 8-48 hr after infection depending on the plant-pathogen combination (14, 32, 41) .
A second function of inhibition of both catalase and the ascorbate-glutathione pathway may be to prevent the cell from depleting its NAD(P)H reserve. While catalase degrades H202 without consuming reducing equivalents [NAD(P)H], the regeneration of oxidized AsA via the ascorbate-glutathione pathway requires NAD(P)H, since both monodehydroAsA reductase and glutathione reductase use NAD(P)H as an e-donor. Although NAD(P)H is probably not limiting in plastids under light (42) , prolonged increase of H202 levels due to complete or even partial inhibition of catalase activity by SA, together with a functional AsA-glutathione pathway, could deplete NAD(P)H. Thus, the coordinated inhibition of catalase and APX not only enhances H202 levels but also may prevent the cell from consuming of reducing equivalents that may be required for production of antimicrobial compounds and proteins necessary for establishing resistance.
A prolongued increase of the intracellular H202 level is likely to affect the redox balance of the cell. The activation of defense-related genes like the PR genes may be modulated by the cell's redox state. Perturbations of the glutathione metabolism in plants have been shown to induce the genes for phenyl,ilanine ammonium lyase, chalcone synthase, and a cytosolic copper/zinc superoxide dismutase (43, 44) . In mammals, the activities of the NF-KB transcription factor and Bcl-2 (an inhibitor of apoptosis) are modulated by the ratio of reduced to oxidized forms of glutathione (9, 45) . The effects of SA on the cell's redox state should be investigated.
Effect of SA on Guaiacol Peroxidases. Neither SA nor INA inhibited guaiacol peroxidases from tobacco or HRP (Table  1) . Surprisingly, SA was able to reduce the prototypic guaiacol peroxidase, HRP, to its intermediate compound II (Fig. 4) but had limited, if any, capacity to reduce this intermediate back to the ferric enzyme. Therefore, SA fulfills the essential criteria for a potent inhibitor for peroxidases (31) . However, SA is a poor inhibitor of this class of enzymes because it is unable to compete with more suitable substrates of these peroxidases such as guaiacol, pyrogallol, and hydroquinone, which readily reduce compound II to the ferric enzyme, thereby completing the peroxidase cycle (see Fig. 3 ). The ability of antiinflammatory drugs including aspirin and SA to form compound II of the mammalian myeloperoxidase has been previously described. In vivo this process is reversed by AsA, which reduces compound II back to the ferric enzyme (31) . Appropriate combinations of e-donors (each one able to serve as donor for only one of the two reduction steps in Fig. 3 ) have been shown not only to maintain peroxidase activity, but have been suggested to be necessary for the oxidation of compounds that are not able to serve as two-step donors (31, 46, 47) .
In summary, the demonstration that SA (and INA) blocks APX activity supports a role for elevated H202 levels or directly coupled perturbations of the cellular redox state in SA-induced defense responses activated at the site of infection.
Moreover, the observed specificity of the inhibition of peroxidases by SA and INA is consistent with the roles that different peroxidases play in mediating a defense response. Inhibition of APX (as well as catalase) results in an increased level of H202 that contributes to defense gene activation and acts as a substrate for SA-insensitive guaiacol peroxidases that are involved in defense responses such as lignification and crosslinking of cell wall proteins (7) .
